The study of sperm epigenetics is challenging and limited largely to sperm population estimates rather than individual spermatozoa. While this type of approach is likely sufficient for most somatic cell lines, it is problematic in a tissue where a single cell is disproportionality influential. Furthermore, we know very little about the epigenetic variability between different sperm from the same ejaculate. Thus, it is essential that we better understand the heterogeneity of sperm epigenetic marks within an ejaculate. In this study, we have performed sperm genome-wide DNA methylation analyses on single ejaculates from 20 individuals. Sperm samples were subjected to gradient separation, following which the 90% layer ('high-quality sperm') and the 35% layer ('low-quality sperm') were isolated and analyzed separately using the Illumina 450K methylation array. We did not identify any single CpG that was differentially methylated between the two fractions. In contrast, we did identify 772 significant regional methylation alterations between the two layers. Coefficient of variance analysis also revealed that, in addition to having multiple sites that appear to be differentially methylated, the 35% layer sperm population, as a whole, displayed significantly higher variability in DNA methylation than did the 90% layer. In conclusion, while the two sperm populations analyzed here do not appear to be entirely distinct, those sperm that are generally considered to be of 'poor-quality' display some consistent regions of alteration and, more strikingly, demonstrate more heterogeneity than sperm considered to be of more normal quality.
Introduction
Epigenetics are known to play an important role in many aspects of normal cell physiology. An excellent example of this concept is found in mammalian sperm, which are particularly well suited to facilitate proper cell function as an extremely unique cell type. To support the function of this unique cell, mammalian sperm chromatin is tightly compacted 6-20 times greater than nucleosome-bound chromatin (Ward and Coffey, 1991; Balhorn, 2007) . This tightly packaged DNA is mainly due to the stepwise replacement of histones with protamine proteins early in sperm development (Balhorn et al., 1988; Hecht, 1990; Oliva and Dixon, 1991; Dadoune, 1995) . The highly charged protamine proteins form a tight toroid structure that condenses the sperm head providing protection from DNA damage and a transcriptionally silent state, and likely facilitating motility. Furthermore, sperm have a unique DNA methylation landscape where the genome is largely hypermethylated (aside from some regions important for development), which may further contribute to the transcriptionally quiescent state of the mature gamete (Hammoud et al., 2013) .
The sperm epigenome appears to contribute to events beyond the fusion of sperm and oocyte. Recent work has shown that histone localization and modifications as well as DNA methylation patterns in the mature sperm may influence early embryonic events, development and even offspring health and disease susceptibility. In 2009, Hammoud et al. demonstrated a programmatic retention of histones in a fraction of the genome following the histone to protamine transition in fertile sperm donors (Arpanahi et al., 2009; Hammoud et al., 2009) . The residual histones were largely localized to regions important for early embryonic development. Furthermore, the histone modifications and methylation patterns at these sites were consistent with a transcriptionally poised state, a hallmark of totipotency seen in stem cells (Hammoud et al., 2009 (Hammoud et al., , 2011 .
In addition to contributions to normal embryonic development, sperm epigenetic marks are believed to play a role in offspring health. Paternal aging, smoking, alcohol consumption, diet and body mass index, in addition to other factors, have all been suggested to have an influence on offspring disease susceptibility, from neuropsychiatric disorders to pediatric cancers (Hare and Moran, 1979; Brunner et al., 1993; Goldberg et al., 1993; Zheng et al., 1993; Hemminki et al., 1999; Murray et al., 2002; Yip et al., 2006; Frans et al., 2008; Miller et al., 2011; Oksuzyan et al., 2012; Frans et al., 2013) . Intriguingly, in many cases, the etiology of increased disease incidence lacks clear genetic explanations, thus heritable epigenetic marks have been suggested as a contributor. In fact, paternal germ line epigenetic alterations have been shown in animal models to be both inherited in the offspring and to cause phenotypic aberrations (Carone et al., 2010; Govorko et al., 2012) . Other studies of human sperm have identified clear DNA methylation abnormalities with age that are enriched in regions known to contribute to diseases with increased incidence in offspring of older fathers (Pembrey et al., 2006; Kaati et al., 2007; Jenkins et al., 2013 Jenkins et al., , 2014 . Taken together, it is suggested that the sperm epigenetic landscape is not only important in ensuring normal sperm function, but that it also contributes to embryonic development and offspring health.
While in recent years our understanding of the dynamics and importance of the sperm epigenome has increased dramatically, the direct impact of altered methylation patterns in the mature sperm, the intra-individual heterogeneity of a sperm population and the possible clinical implications are poorly understood. This is, in part, a result of the difficulty in studying such marks in this unique cell type where a single cell is disproportionality influential and the majority of our knowledge comes from entire sperm populations. Additionally, current sperm selection techniques utilized in assisted reproduction treatments focus largely on motility, morphology or sperm head density. While these appear to be at least moderately effective selection techniques (the average cell in the selected population is generally more competent to fertilize and result in quality embryos and positive pregnancy outcomes than the unselected counterpart), we know very little regarding the epigenetic status of individual cells, or even the average of selected populations. It is entirely plausible that even sperm that appear morphologically normal may have hidden epigenetic abnormalities that affect fertilization, embryogenesis, development or even offspring health. Similarly, cells with poor morphology may also contain entirely 'normal' epigenetic profiles. If, as the data suggest, sperm methylation patterns are important to the development and health of the offspring, it is important that research is focused on better characterizing these issues. This becomes particularly important with procedures such as intra-cytoplasmic sperm injection where sperm selection is performed on single cells. To begin addressing these questions, we have performed work to evaluate the heterogeneity of DNA methylation in sperm isolated in two distinct populations using standard density gradient centrifugation.
Materials and Methods

Study population
A total of 20 subjects were recruited from patients attending the University of Utah Andrology Laboratory for a semen analysis. On average, patients were 35.69 (SE + 2.0) years of age with a BMI of 29.17 (SE + 1.8) and they had normal semen analysis parameters with a volume of 4.21 ml (SE + 0.5), a count of 485.16 million/ml (SE + 83.2) and progressive motility score of 52.12% (SE + 2.4). Each patient provided informed consent for the storage and study of samples. All work was performed under an institutional review board approved study. Each patient collected a sample into a sterile container and was required to adhere to University of Utah Andrology Laboratory collection instructions, which include an abstinence time of 2 -5 days. Following collection, a semen analysis was performed, and the remaining sample was utilized for the experiment as outline below. Only samples that meet 'normal' criteria for motility and count (based on WHO V standards) were utilized for this study.
Sample processing
Within 1 h of collection, whole semen from each sample was subject to density gradient centrifugation on a two layer Isolate column (Irvine Scientific; Santa Ana, CA, USA). Sperm were captured in the two distinct layers, with the 35% Isolate layer largely containing low-quality sperm and the 90% Isolate layer containing a selected, 'high-quality' sperm population (Arcidiacono et al., 1983) . As an indication of the effectiveness of this approach in yielding different populations at different layers of the column, the average motility in the final 90% layer was 66% (SE + 2.74) and the average motility in the 35% layer was 25.4% (SE + 3.72). This difference was significant based on a two-tailed paired t-test (P , 0.00001). For each sample, sperm from each layer were isolated, snap frozen and stored at 2808 C. Following gradient preparation and subsequent freezing, the samples were thawed and DNA was extracted simultaneously to decrease batch effects. Prior to DNA extraction, somatic cell lysis was performed by incubation in somatic cell lysis buffer (0.1% SDS, 0.5% Triton X-100 in DEPC H2O) for 20 min on ice to eliminate white blood cell contamination. After somatic cell lysis, sperm were pelleted, and a visual inspection of each sample was performed to ensure the absence of all potentially contaminating cells before proceeding. Samples were not included in this study if, upon visual inspection, cells remained. Sperm DNA extraction from each layer was then performed using a column-based DNA isolation protocol (DNeasy; Qiagen). Isolated genomic sperm DNA was then used for all downstream applications.
Microarray analysis
Paired DNA samples (90% layer and 35% layer) from every collection were subjected to microarray analysis. Briefly, extracted sperm DNA was bisulfite converted with EZ-96 DNA Methylation-Gold kit (Zymo Research) according to the manufacturer's recommendations. Converted DNA was then delivered to the University of Utah Genomics Core Facility and hybridized to Infinium HumanMethylation450 BeadChip microarrays (Illumina) and analyzed according to Illumina protocols. Following the hybridization protocol, arrays were scanned, and b-values were generated for each CpG by applying the average methylated and unmethylated intensities at each CpG using the calculation: b-value ¼ Methylated/(Methylated + Unmethylated) (Jenkins et al., 2014) . Illumina's normalization through the Partek software package was employed when generating final b-values. b-values range from 0 to 1 and indicate the relative levels of methylation at each CpG, with highly methylated sites scoring close to 1 and unmethylated sites scoring close to 0. The normalization process also removes poorly performing probes (probes with a QC P-value of ,0.05).
Statistical analysis
Three basic analyses were performed on the paired data sets in this study to evaluate differential methylation globally, regionally and at individual CpGs. Additionally, coefficient of variance analysis was performed to determine the overall variability of methylation between the 35% layer and the 90% layer.
Global methylation was measured by comparing the average of all CpGs on the array or all CpGs found in non-regulatory regions and comparing these averages from all samples in the 90% layer and the 35% layer by a paired t-test where a P-value of ,0.05 was considered significant (statistics performed using STATA software; Jenkins et al., 2013).
Regional differential methylation was detected by a sliding window analysis using the publicly available USeq software package in an application entitled MethylationArrayScanner (MAS; Nix et al., 2010) . This analysis is commonly used in our laboratory and scans the genome for regional alterations with a 1000 bp sliding window. For each window a Wilcoxon Signed Rank Analysis was employed to identify differentially methylated regions. To be considered a significant differentially methylated region, the window had to contain more than 3 CpGs, have an absolute Log2 ratio of ≥0.2, and a Benjamini Hochberg corrected false discovery rate (FDR) of ,0.05. The application MAS transforms FDR values by the following equation: ((210 log 10 (q-value FDR)), such that a transformed FDR value of 13 ¼ 0.05, 20 ¼ 0.01, 25 ¼ 0.003, 30 ¼ 0.001, 40 ¼ 0.0001 and so on. For the purposes of visualization and reference, the transformed FDR values are provided in this manuscript.
Point data (individual CpG data) was also analyzed for consistent differential methylation between the 35 and 90% layers. The differential methylation analysis (a two-way ANOVA built specifically for 450K array analysis) on Partek Genomics Suite (St. Louis, MO, USA) was utilized for this analysis. Prior to running these analyses, the b-values are logit transformed in Partek to generate m-values as analyses of single CpG alterations using raw beta values have severe heteroscedasticity at strongly methylated or unmethylated CpGs. Sites with a P-value of ,0.05 following Bonferroni correction were considered a significant differentially methylated CpG.
Coefficient of variation (C y ) analysis was employed to determine whether sperm in the 35% layer displayed different levels of variability compared with sperm in the 90% layer. Briefly, the mean b-value for all samples within a group at each CpG was calculated and used for comparison. Fraction change (FC) for each CpG from each sample was calculated by the following: (sample CpG b-value/mean CpG b-value). Mean (m) and standard deviation (s) of all FC values for each sample were then used to calculate the coefficient of variation (C y ¼ s/m). C y values were subjected to a paired t-test to identify significant differences in methylation variability between the 35 and 90% layers (P-values ,0.05 were considered significant; STATA software package used in this analysis).
Gene ontology term analysis (GO Term)
Genes identified as being potentially impacted by regional alterations identified in this study were subjected to Gene Ontology Term (GO Term) analysis through The Database for Annotation, Visualization and Integrated Discovery (DAVID; Huang da et al., 2009). Briefly, the list of genes was submitted as an independent list to DAVID. The GO Terms 'cellular component, molecular function, biological process' were all assessed in this analysis. Benjamini Hochberg corrected P-values of ,0.05 were considered significant GO Term enrichments.
Results
The data from the sperm genome-wide DNA methylation arrays have been made publicly available on the Gene Expression Omnibus under the accession #GSE64096 at http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE64096.
Global methylation analysis
Global methylation in each fraction (90 and 35%) was measured in two ways. First, average b-values for all CpGs tiled on the array were compared between the two fractions. Secondly, we analyzed only those CpGs that fell outside of defined regulatory regions based on UCSC annotation provided by Illumina. Average b-values did not differ either globally or outside of well-defined regulatory regions based on a paired t-test (P . 0.05; Fig. 1A and B ). Additionally, we analyzed the average b-values in the 3000 probes targeting non-CG methylation. Similarly, (B) Similarly, no average methylation differences was seen between the 35% layer and the 90% layer when considering only the ≈ 50 000 probes that are outside of well-defined regulatory regions (P . 0.05). (C) At methylation sites not in a CpG context, there was no significant difference between the average methylation in the 35% layer and the 90% layer (P . 0.05). there was no difference in non-CG methylation between the fractions based on a paired t-test (P . 0.05; Fig. 1C ).
CpG-specific analysis
We analyzed the levels of methylation at all tiled CpGs to determine if some CpGs are consistently differentially methylated between the two fractions. With the use of a t-test (Partek, St. Louis, MO, USA) and multiple comparison correction (Bonferroni), we identified no single CpGs that were consistently altered between layers (Fig. 2 ).
Window analysis/GO Term analysis
In addition to global and CpG-specific methylation patterns, we scanned the genome for regional alterations as it is believed that these are more important biologically. With a threshold for significance of a transformed FDR .13 (the equivalent of a corrected FDR of ,0.05), we identified a total of 344 windows of consistently reduced methylation in the 35% layer and 428 regions of increased methylation in the 35% layer. The average size of altered windows was 908 bp. It is important to note that with a more stringent cutoff, a transformed FDR of .40 (where virtually all samples within a group display the same methylation alterations), that has been utilized in previous publications (Jenkins et al., 2014) , the number of altered regions decreases significantly to a total (both hypermethylation and hypomethylation combined) of only 13 regions. Of the sites identified with a transformed FDR cutoff of 13, 345 genes were considered to be potentially impacted due to their position relative to the altered region (alterations in the gene body, or within 1000 bp of the TSS: Supplementary data, Table S1 ).
Genes categorized as being potentially impacted by the alterations identified in this study were subjected to GO Term analysis through DAVID. Through this process, we identified four Molecular Function GO Terms that were significantly enriched in our gene set (Supplementary data, Table S2 ). Specifically, the terms 'transcription factor activity, sequence-specific DNA binding, DNA binding and transcription regulator activity' were all enriched in the set of differentially methylated genes.
Coefficient of variability (C y ) analysis
Our regional analyses suggested that there were significant differences between the 35% layer and the 90% layer in a sperm population; however, the differences were rarely found in the same magnitude and direction in most or all of the samples tested. Instead, we identified many regions of high magnitude alteration, which occurred in only a portion of the paired samples. As a result, we tested the methylation profile variability of the samples between these populations as measured by C y . We found that there was a consistent increase in DNA methylation variability in the 35% layer when compared with the 90% fraction (Fig. 3) . This increase was found to be statistically significant by a paired t-test (P ¼ 0.0083).
Comparison with other studies
To further investigate the increased variability in the 35% layer of the samples screened, we compared these data to a recently published dataset from our laboratory, which analyzed the effect of aging on sperm DNA methylation patterns (Jenkins et al., 2014) . The purpose of this comparison was to determine the difference in findings that appear to suggest two distinct patterns of alteration, where the aging alterations appear to be at very specific loci and in predictable magnitudes, and the intra-ejaculate findings appear to describe a more random pattern of alteration. In brief, the study analyzed 17 sperm donors who collected samples at different time points on average 13 years apart. In this study, we identified many regions that displayed strikingly consistent alterations to the sperm methylome over time. We used the strict threshold previously mentioned (a transformed FDR of .40) in this study, as this level of significance identifies regions where most if not all of the paired samples display the same alteration both in terms of direction and relative magnitude. The patterns of intra-individual methylation alterations seen between the 35 and 90% layers were strikingly different to the patterns observed in the previous aging study where 50% of significantly altered regions identified (by a threshold of a transformed FDR of .13) would also meet a far more stringent cutoff of a transformed FDR of .40 (Fig. 4) . The alterations between the 35 and 90% layer, while more numerous, rarely meet more stringent levels of significance ( 1.7% of the time). This again suggests that the methylation differences observed between the 35 and the 90% layer are the result of increased variability and not of a programmed consistent alteration in a subset of the sperm population.
Discussion
Increasing evidence suggests that sperm DNA methylation is an important mark that is not just a remnant of patterns important in spermatogenesis or that contribute to the transcriptionally quiescent state of the mature sperm, but that these marks help guide early stages of development and are likely capable of conferring phenotypic effects on offspring. It is thus imperative that assisted reproductive techniques focus on identifying the most 'normal' sperm possible for the purpose of assisted reproductive therapies both in terms of traditional measures of quality as well as a normal epigenetic profile. Integral, in this process, is a basic understanding of how variable the sperm methylome truly is within a single ejaculate and, whether sperm selection is truly aiding in selection of epigenetically optimal sperm.
To address this basic question, we have isolated two distinct sperm populations within single ejaculates. We analyzed differences between these two populations in a number of ways from a global analysis to the individual CpG level. A simple paired analysis of average b-values between the 35 and 90% layers did not indicate significant global methylation alterations. Similarly, no difference in average methylation was identified between the two populations at non-regulatory regions or at sites of non-CG methylation. Despite the lack of global change, we did identify multiple differentially methylated regions. Importantly, the vast majority of alterations identified would be best categorized as modestly significant. In general, we believe that this is due to the fact that most regions identified are strongly altered only in a small percentage of the samples. Thus, it appears that although some loci are more susceptible to methylation variability, a 'poor methylation phenotype' is not universally observed in the population of sperm isolated from the 35% gradient layer.
GO Term analysis was performed on genes in close proximity to the altered regions identified in this study. Through this analysis, we identified a total of four significant terms, all associated with DNA sequence and transcription factor activity. Importantly, as it is currently understood, DNA methylation patterns identified in the mature sperm are, largely, a direct reflection of the spermatogonial stem cell epigenetic landscape (Hammoud et al., 2014) . While not directly assayed in our experiments, the reported maintenance of methylation marks throughout spermatogenesis suggests that the perturbations identified in this study were likely the result of alterations in a portion of the spermatogonial stem cell population. Interestingly, there appears to be increased incidence of methylation perturbations at genes important in transcription regulation and recognition of specific DNA sequences, though these perturbations are not strikingly consistent between individuals.
The mechanisms by which abnormally methylated sperm are ultimately associated with other semen quality defects (viability, morphology, motility) are an intriguing area for further studies. At least two possible paradigms exist. First, abnormal stem cells may propagate various defects, of which methylation abnormalities may be included. Alternatively, select defects, including the possibility of methylation abnormalities, may trigger downstream apoptosis or spermatogenesis errors. To date, there is no obvious causative link between DNA methylation of mature sperm and any semen abnormality. We did not screen for these specifically in this study, though we have isolated and categorized sperm based on their general 'quality' to study subpopulations within a single ejaculate with the premise that the sperm population is heterogeneous. It is likely, from the standpoint of DNA methylation alterations associated with gross sperm abnormalities, that sperm of lower quality arise from stem cells with general perturbations that result in both methylation alterations and sperm that have other, more visible, issues. This does not mean that the methylation patterns that are varied in these cells directly impact motility or morphology, but that they are an indication of a more global issue. This idea comports well with our data set that suggests no real programmatic change in methylation patterns in 'poor-quality sperm' as these would be consistent, but that, in general, these sperm have a higher degree of variability (or movement away from a normal profile) than do the 'high-quality sperm'. The relationship between abnormal methylation and other semen quality defects will be the focus of future studies.
Figure 4 A comparison of the number of regions altered in this study
(intra-individual) compared with a previous study from our laboratory analyzing the effect of aging. The intra-individual study identified many regions of mild alteration, but few with strongly significant alterations. Alternatively, in the aging study, we identified still a large number of altered regions (though fewer than that in the current study), but a large proportion of these alterations were strongly significant and were seen in most if not all of the paired samples screened. The data are separated by both study as well as direction of alteration.
In general, the patterns identified in this study suggest that there are sperm DNA methylation differences between subpopulations in a single ejaculate. However, with few exceptions, the differentially methylated regions between the subpopulations are generally randomly dispersed in the genome. This is not surprising, as low-quality sperm from different individuals are unlikely to share similar etiologies in every case. Specifically, our data show an increased co-efficient of variation in the 'unselected (35% layer)' subpopulation of sperm.
Interestingly, a comparison of prior studies evaluating age-related epigenetic alterations in sperm further supports the finding of increased variability in the 35% layer. Specifically, alterations that occur as a result of aging, while fewer in number, are strikingly common and consistent among different individuals. Conversely, the methylation alterations identified between the 35 and 90% subpopulations are only rarely found to be common among the majority of paired samples. This finding further supports the idea that the portion of poor-quality sperm (the sperm found in the 35% layer) in a population simply have more methylation variability, and that this variability is more commonly found in regions associated with transcription regulation and DNA binding, though the precise loci of perturbations is not always consistent.
While the enrichment of genes associated with transcription factors and DNA binding is significant and intriguing, the biology behind this enrichment is difficult to elucidate. It is possible that actively transcribed genomic regions in the spermatogonial stem cell population may be more susceptible to genetic mutations with subsequent repair, which may passively result in DNA methylation changes. If not catastrophic to spermatogenesis, such marks could persist and accumulate over time and with exposures to various environmental agents.
In conclusion, it appears that there is a significant amount of variability within a single ejaculate and that this variability is decreased in the selected, high-quality subpopulation of sperm. Interestingly, increasing epigenetic variability with decreasing cell quality in a given population is not necessarily a new concept. Large degrees of epigenetic variability are seen in cancer lines (Barrow and Michels, 2014) . This is particularly intriguing when considering the hypothesis that infertile individuals (presumably those with increased proportions of poor-quality sperm and thus increased epigenetic variability) are also more likely to contract various forms of cancer (Walsh et al., 2010; Eisenberg et al., 2013a, b) . In the future, further definition of methylation perturbations in individual cells within a sperm population is required to more clearly determine the nature of this variability. When these patterns are more clearly defined, they could also be used to determine the most effective sperm selection techniques to ensure a healthy sperm methylome and thus an increased likelihood of generating healthy offspring.
